Though very important for the system performance, the dynamic behavior of the catalytic converter has mainly been neglected in the design of exhaust emission control systems. Since the major dynamic effects stem from the oxygen storage capabilities of the catalytic converter, a novel model-based control scheme, with the explicit control of the converter's oxygen storage level is proposed. The controlled variable cannot be measured, so it has to be predicted by an on-line running model (inferential sensor). The model accuracy and adaptability are therefore crucial. A simple algorithm for the model parameter identification is developed. All tests are performed on a previously developed first principle model of the catalytic converter so that the controller effectiveness and performance can clearly be observed.
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INTRODUCTION
The catalytic converters have become very advanced in the last 25 years in order to push the limits of the exhaust gas purification as far as possible. These limits cannot be achieved, however, without an accurate engine control system, which keeps the input to the converter at the optimal level (stoichiometry). Though quite effective, those control systems do not consider the converter's dynamic behavior, which is not negligible [1, 2, 3] . This dynamics stems mostly from the oxygen storage capabilities of ceria, which is placed in the washcoat of the catalytic converter. A further improvement of the converter's performance could be achieved if its dynamics is taken into account in the control system. However, mainly due to the complexity and even unfamiliarity with the dynamic processes taking place inside the catalytic converter this latter approach has not often been used. Shafai et al. [4] have shown that it is possible to develop a true catalytic converter controller by controlling the oxygen level stored on ceria in an adaptive way. Though quite effective the proposed scheme has a small drawback in the simplicity of the used converter model, which might also affect the controller performance when a larger dynamic range is considered.
The dynamic effects taking place inside of the catalytic converter can efficiently be studied by developing a converter model. Most models are assuming steady state kinetic submodels coupled by submodels accounting for the dynamic effects induced by the oxygen storage mechanism [5, 6, 7] . Somewhat more complex are the models that use elementary step kinetics [8, 9] , but they can provide more complete information on the converter's dynamics accounting also for the dynamics of the noble metal surface. Typically resulting in a set of PDE's that can then be transferred into a larger set of ODE's, these models cannot directly be used for the control. They can, however, provide a useful tool for studying the converter dynamics and initial testing of developed controllers. Another type of recently emerging models is a control-oriented model, mostly based on the storage dynamics [10, 11] . These models have less parameters, which can be adapted on-line, they do not impose numeric difficulties and can effectively be used for on-board control and diagnosis. Having less parameters they may have problems to describe a wider dynamic operating range, which requires more frequent parameter adaptation. This paper presents an approach, which combines the two modeling methods in a theoretic development and testing of a catalytic converter controller. The previously developed first principle model, based on elementary step kinetics, has been used as the basis for the development of a simplified control-oriented model. Since the latter model is used on-line as the inferential sensor for estimation of the level of ceria coverage by oxygen, the model accuracy in a wide dynamic range is crucial. A simple algorithm for the parameter adaptation is developed. Based on the first principle model, dependencies of the parameters on fast changing variables (space velocity, inlet lambda levels) are found which increase the range of the model application. The influence of the converter temperature on the model parameters is also analyzed. The cascade control system consists of the outer loop being the inferential converter controller and the inner loop, which is the standard air-fuel ratio engine controller. The controller performance has been tested on the exhaust system model consisting of the first principle converter model and an engine model.
FIRST PRINCIPLE CONVERTER MODEL
The first principle model is the basis for the analysis presented in this paper. The model is based on the elementary step kinetics in order to get a fully dynamic model of the converter. The components used to represent the exhaust gas are carbon monoxide, hydrocarbons (ethylene and acetylene), oxygen, nitric oxide, carbon dioxide and water. Hydrogen has not been explicitly modeled, but accounted for by increasing the reaction enthalpy of the carbon monoxide oxidation. Acetylene and ethylene are representatives of slow and fast oxidizing hydrocarbons, respectively. Acetylene is very important at low temperatures because it is known to increase the light-off temperatures of other components by surface inhibition [12, 13] .
The complete detailed description of the model equations can be found in [8, 9] , while the used elementary steps are given in appendix. Therefore, the model is only briefly presented here. The monolithic reactor is modeled as a one-dimensional adiabatic reactor with one channel being the representative for the whole reactor. Physical parameters of the reactor are given in table 1. The reactor model is a set of nonlinear partial differential equations for the species in the bulk gas and solid phase as well as adsorbed on the noble metal or ceria surface, and energy equations in the gas and solid phase. Hence the set of PDE-s to be solved is as follows:
The problem is transferred into a larger set of ODE-s by discretization in the axial direction, which is then solved using Backward Differentiation Formulae with variable order and variable size [14] .
The kinetic model is defined by the reaction mechanism and corresponding rates for various adsorption, desorption and reaction processes. The submodels for oxidation of carbon monoxide and hydrocarbons have been obtained by transient kinetic experiments on a single Pt/Rh/γ-Al 2 O 3 /CeO 2 catalyst [13, 15, 16] . Since the NO reduction model for the same catalyst is unavailable, a model from the literature [17] has been used instead. The latter is rather simple, not accounting for some important processes such as the creation of NO 2 and N 2 O species and the interaction of NO species with the ceria surface. The NO reduction kinetic parameters have been adapted for the converter model to predict the measured emissions during an Euro test cycle [18] .
Though quite complex, such a model can give a good insight into dynamic processes occurring inside of the reactor at various operating conditions. The light-off process is predominantly influenced by the noble metal surface dynamics. Acetylene and nitrogen containing species strongly adsorb on the noble metal at low temperatures, so their light-off characteristics determine the overall converter light-off behavior. These modeling results are in line with measured data [7] . Various inlet lambda signal shapes cannot significantly influence the light-off, apart from the ethylene light-off temperature which can be lowered by oscillating the inlet feed [19] . Ceria, with its oxygen storage capabilities, does not have a great influence on the light-off. However, it can slightly promote the CO oxidation by providing necessary oxygen, as oxygen has difficulties to reach the noble metal surface with inhibiting species present. After the light-off the main dynamic effect comes from the oxygen storage and release by ceria. When the inlet feed is lean the excess oxygen is stored on the ceria surface, while it can be released for the reaction with CO and hydrocarbons when the inlet feed turns to rich. Partially empty ceria surface also promotes the NO reduction. Even without a direct interaction of NO with ceria modeled, NO reduction is enhanced when the ceria surface is not completely filled: NO can adsorb and dissociate on the empty noble metal surface while oxygen fills the ceria surface. The range of high conversion is thus broadened under the dynamic operation of the converter.
Modeling results are in good agreement with measured converter dynamics [1, 2, 3] , though the latter was obtained at higher temperatures. These experiments have shown that the converter exhibits a substantial dynamic behavior with the rich inlet feed after the ceria surface has been emptied. This is assigned to water gas shift and steam reforming reactions, which were not modeled in the present study because no elementary step kinetic model is available. This omission is not very serious because these reactions start to play a significant role at somewhat higher temperatures then considered here, and after oxygen removal from the ceria surface [20] . Since the latter is the condition that should be avoided during the converter operation, ceria related dynamics is the most important to be considered in the converter control.
MOTIVATION - Figure 1 shows the inlet and outlet concentrations during lambda step tests. The inlet feed is changed from lean (λ=1.04) to rich (λ=0.96) and back to lean. The inlet mass flow is constant and equals 0.015 kg/s. The inlet temperature is kept at 550K and the reactor was preconditioned with the stoichiometric inlet feed so that the temperatures inside of the reactor are considerably higher. Those conditions will hold for most of the simulations presented in this paper. Oxygen storage operation is clearly visible from the CO and hydrocarbon responses after the lean-rich step, and the NO response after the rich-lean step. From the nature of the oxygen storage operation it is clear that by keeping the amount of oxygen stored on the ceria surface at the optimal value one could enhance the conversion of all species under dynamic operating conditions.
There should be enough oxygen for the conversion of carbon monoxide and hydrocarbons if the inlet turns to rich and yet enough free space on the catalytic surface for the NO reduction if the inlet feed becomes lean. An example is presented in table 2. Mean conversions during one period of the inlet lambda oscillation (A=0.02,f=0.67Hz) in cases with initially completely filled, emptied and half filled oxygen storage are given. Note that only with half filled oxygen storage the conversion is 100% in all three cases. Though the oscillations are not very high in amplitude, CO and hydrocarbon conversion significantly drop during the rich half cycle, while NO conversion drops during the lean half cycle. NO conversion predicted by the model should be taken with some reservation because of the simplified kinetic model used. The oxygen storage dynamics should clearly be considered in the emission controller if one wants to obtain a zero emission vehicle. 
CONTROL-ORIENTED MODEL
Oxygen storage based models have already been used by some authors to obtain a simple control-oriented model, which could also been used for the on-board diagnostics [10, 11] . The model used in this study is in its structure very similar to the model of Brandt et al. [10] , but with additional features included to account for the effects of space velocity and inlet signal amplitudes. The effects of temperature variations inside of the reactor will also be addressed. The model basically has to link the measurable inlet and outlet lambda values with the unmeasurable degree of ceria coverage (which will in further text be referred to as the relative oxygen level).
The basic model structure is as follows:
Both inlet and outlet lambda values are obtained by subtracting 1 from the measured values. In this manner positive lambda values represent lean mixtures, while negative represent rich mixtures. The relative oxygen level (ζ) assumes the values between 0 and 1, where 1 stands for the completely filled oxygen storage and 0 the completely empty oxygen storage. The relative oxygen level is the mean oxygen level throughout the converter, thus approximating the distributed-parameter system with a concentrated-parameter model. The scaling factor, k d , reflects the total oxygen storage capacity and applied space velocity (proportional to OSC and inversely proportional to space velocity), while the nonlinear function, f(ζ), describes the reaction rate as a function of the relative oxygen level. There are actually two functions, one for the lean inputs f L (ζ) and one for the rich inputs f R (ζ). When it will not be necessary to distinguish between them, f(ζ) will be used. The model uses an assumption that the relative oxygen level can only be increased with a lean feed and decreased with a rich feed. It also assumes that when the feed becomes stoichiometric the relative oxygen level reaches immediately the steady state. It will be shown in the text that these assumptions are not completely correct and lead to small errors, but the model simplicity, however, remains a strong advantage for such an approach.
PARAMETER ESTIMATION -Since the catalytic converter changes its behavior with time, i.e. ages, the model parameters should be adapted on-line to the new conditions. Due to the model simplicity a rather simple algorithm can be utilized for the parameter estimation. The estimation needs measured inlet and outlet lambda values from one rich-lean and one lean-rich step. The scaling parameter, k d , is obtained from one step response by integrating the difference between the inlet and outlet lambda value during the step response:
There is a small difference between the parameters, when calculated from a lean or a rich step (around 5%). This is the result of a slight nonlinearity of the lambda function. When the oxygen storage capacity is known, the reaction rate function, f(ζ), can be calculated by combining equations 2 and 3: 
The algorithm can easily be transferred into the discrete domain to be used on a digital computer. Since there is no recursion in the algorithm, this is in fact an off-line algorithm, which due to its simplicity can be applied online after all the data has been collected.
The comparison of the outlet signals generated by the first principle model and estimated by the simplified model, as presented in figure 2 , shows the efficiency of the algorithm. The generated data are taken from the case presented in figure 1 . The converter outlet lambda value is calculated from the gas concentrations according to the following relation:
The function f(ζ) is a piecewise linear function so that estimation procedure becomes quite simple. Also the averaged degree of the ceria coverage throughout the reactor is compared with the relative oxygen level calculated by the simplified model ( figure 2 below) . In order to make a fair comparison the lower bound of the first principle model generated ceria coverage has to be rescaled. The first principle model predicts that the ceria surface is not completely depleted even in the steady state when the inlet feed is rich. This means that there is still a part of ceria covered with oxygen, but this oxygen cannot be used for the oxidation of CO and hydrocarbons. This occurs close to the inlet of the reactor where the temperature is relatively low. Figure 3 shows the washcoat temperature profile and ceria surface coverage by oxygen at the end of the rich step. The inhibiting species, nitrogen containing species and acetylene, occupy most of the noble metal surface close to the reactor inlet and do not allow the other species to adsorb. Oxygen from ceria can thus not be fully utilized.
As the surface temperature increases this effect of inactive oxygen storage becomes smaller. By varying the space velocities or inlet lambda amplitudes in the rich region the amount of the unused oxygen from ceria also changes, because the conditions (surface coverage of the inhibiting species) on the noble metal surface become different. These changes are not severe, and will also decrease with increasing temperature, but should be accounted for if a highly accurate model is desired at lower temperatures. The control-oriented model in this study does not account for the influence of the space velocity and inlet lambda amplitude on the inactive oxygen storage. These effects, together with the fact that more ceria becomes available for the adsorption of oxygen, explains the experimentally observed oxygen storage capacity increment with increasing temperature [7] .
A similar effect can also be observed during the rich-lean step, where the outlet lambda stays rich for some time after the step (see fig. 2 ). With the empty ceria surface, oxygen easily adsorbs in the front part of the reactor, leaving some components (mostly ethylene) unconverted in the back part of the reactor. This effect is also more important at lower temperatures and also results from the surface inhibition in the front part of the reactor. The model in equation 2 cannot account for this effect, as inlet and outlet lambda values cannot assume different signs. Therefore, the following expression was used to obtain a better fit with the data:
The parameter adaptation remains very similar. The above mentioned effect is temperature dependent and is modeled by the second part of equation 7: a positive parameter g(T) that decreases with the temperature. Though the underlying kinetic effect is quite nonlinear a linear approximation for g(T) can be used. The influence of the above given effect is not crucial for a wide range model prediction, and thus a possible modeling error will not have a major impact. When the conditions from equation 7 are not satisfied, equation 2 is used in the model. Control-oriented modeling becomes thus much more complicated at low temperatures, as the effects of highly nonlinear surface inhibition processes have to be accounted for.
CHANGES OF OPERATING CONDITIONS -Model parameters are subject to slow changes in time due to the catalyst aging. These changes can be accounted for by periodic parameter adaptation and should not pose a serious problem for the control system. It is more important to account for the fast changing variables such as space velocity, inlet lambda signals of various amplitudes and changing reactor temperatures.
It was experimentally observed that by adapting only the scaling factor, here k d , the influence of a changing space velocity can not completely be accounted for [11] . Also the function f(ζ) has to be adapted when the space velocity changes. The reason for this comes directly from the underlying kinetics. The adsorption rate of oxygen on the ceria surface at some point in the reactor depends on the oxygen concentration in the washcoat and the fraction of empty ceria surface:
The reaction rate between oxygen stored on the ceria surface and CO (or hydrocarbon) absorbed on the noble metal surface depends on the latter surface coverage and the fraction of the ceria surface covered by oxygen:
If the function f(ζ) would not be dependant on the space velocity (inlet mass flow) it would mean that for a given relative oxygen level the conversion would not change with a changed mass flow (see equation 5). So, if the mass flow increases with some factor, the reaction rate would also have to increase with the same factor to retain the same conversion. Provided that the analysis of a single reactor point can be applied to the complete reactor behavior, and that the noble metal surface coverages do not change considerably, ceria coverage has to change with the same factor as the mass flow to retain the same conversion as in the nominal case (see eq. 9). The same reasoning holds for the oxygen adsorption on the ceria surface. If the inlet lambda signal amplitude changes from the nominal value (the value at which the estimation was done), the function f(ζ) also has to be adapted in case of a rich inlet. Because the inlet concentrations of reducing components increase with a richer inlet lambda, the reaction rate should also have to increase for the conversion to remain the same. Since this is not the case, f R (ζ) has to be adapted for different inlet lambda amplitudes. Because the adsorption rate depends explicitly on the oxygen concentration, f L (ζ) does not have to account for the inlet amplitude variations. The model parameters for different operating conditions can therefore be recalculated from the values estimated in a nominal case by simple mapping: This mapping holds for most of the operating conditions. In some cases, i.e. very high space velocities, it cannot be applied. Both functions, f R (ζ) and f L (ζ) are piecewise linear and can therefore be represented by set of points (ζ,f(ζ)). For each point the ζ coordinate is rescaled according to equation 10. Figure 4 presents the model prediction under the inlet step changes for two times higher and two times lower inlet mass flow in comparison with the nominal case ( figure 2) . The other conditions have not been changed. Though not perfect, it appears that the above given approximation leads to a reasonably good model prediction under varying operating conditions. Another validation test is shown in figure 5 . Various inlet lambda stepwise changes together with inlet mass flow variations are applied. The model prediction is also quite accurate. The largest errors are at low relative oxygen levels because the influence of space velocity and inlet lambda amplitude on the inactive oxygen storage is not completely accounted for. Such an effect is present in the period 25-30s when the inlet feed is only slightly rich and CO has difficulties to reach the noble metal surface and react with the oxygen from ceria, due to relatively low concentration of CO in the feed gas.
MODEL-BASED CONTROLLER
Since the level of oxygen stored on the ceria surface can only be estimated by using the model, an inferential sensor based control system can be applied. The novel control scheme is a cascade system with the inferential oxygen storage controller in the outer loop and a standard model-based air-fuel ratio engine controller in the faster inner loop of the control system, as shown in figure 6 .
ENGINE MODELING AND CONTROL -A Mean Value
Engine Model [21, 22, 23] is simple but accurate enough to account for the dynamics important for the air-fuel ratio control. It has therefore been selected to represent the engine dynamics so that the whole exhaust emission control system can be simulated. The model basically consists of two subsystems -the intake manifold and the fuel delivery. The intake manifold subsystem accounts for the air charging and the key equation is the manifold pressure state equation: 
The fuel delivery subsystem accounts for the wall fuel film formation in the manifold and/or port. A part of the injected fuel does not directly enter the cylinder but sticks on the wall and enters the cylinder only after evaporation. This effect is very important to be properly taken into account in the control system if the large excursions of the engine lambda from the desired value are to be avoided during transients. A simple fuel film model is used:
Control-oriented model prediction (solid lines) with two times decreased (above) and two times increased (below) space velocity. The first principle model outputs are given by the dashed lines. With the amount of air and fuel in the cylinder calculated and proper transport phenomena applied, the inlet lambda signal to the catalyst is known.
A perfect estimation of the in-cylinder air is assumed. The engine controller receives the reference lambda value from the catalyst controller. The engine dynamics is faster then the catalyst dynamics and the inner loop therefore much sooner reaches the steady state. The engine controller used in this study is an internal model controller [24] . A characteristic of this controller is the explicit usage of the model, which is run in parallel to the process. The process and model outputs are compared and their difference is fed back to the controller. Note that if the model is perfect the controller is actually a feed-forward controller because the feedback signal equals to zero. It can be shown [24] that if the controller equals to the inverse of the model and the system remains stable, the perfect control would be acquired, i.e. the output lambda would equal the reference lambda signal. Since the wall wetting dynamics is invertible, see (12) , the internal model controller is a logical choice. Therefore the inverse of the wall wetting model, coupled with a low pass filter for the improvement of system robustness, is implemented as the engine controller. This system has the predictive advantages of the feedforward design, but also improved robustness and bandwidth due to the feedback properties.
INFERENTIAL OXYGEN STORAGE CONTROLLER -
The outer loop controller calculates the reference lambda signal in order to keep the relative oxygen level at the desired value. Since the relative oxygen level is not measurable, the model, as shown in figure 6 , predicts this signal that is than used as a feedback signal. Since the inner closed loop has faster dynamics, it can be assumed that the engine reaches the desired air-fuel ratio instantaneously, i.e. λ e =λ ref . A possible deviation of the engine air-fuel ratio can be considered as system disturbance. The process delay, which always exists in the path between the fuel injector and the entrance to the catalytic converter, should not be neglected however. Hence the controlled process very much reflects equation 2 and can for one operating point be given by a transfer function in the Laplace domain:
The process gain is highly dependent on the operating conditions, as K p =f(ζ)/k d . The controller can assume a very simple P structure:
Since the model is actually controlled, the controller gain can be adapted in such way that a smooth and fast transition is achieved. The system bandwith is limited by the transport delay, but large amplitudes of the controller output could also cause driveability problems. The controller output (λ ref ) is limited in this study between 0.95 and 1.05. The P controller's gain is limited at high frequencies by the low-pass filter to achieve the high frequency noise attenuation. The reference following has a zero steady state offset because of the integrating behavior of the process. The biggest drawback of the P controller is its incapability to remove the steady state error in the presence of system disturbances. Due to the engine controller this problem does not occur as the steady state air-fuel ratio value equals the reference value and thus no steady state disturbance exists.
The controller's reference following and disturbance tracking capabilities are tested. Figure 7 shows the performance of the control system during the tracking of the reference relative oxygen level, which changes from 1 to 0.5. This test resembles the condition after a fuel cut-off when the oxygen storage is filled with oxygen and a fast system response is needed to restore the optimal system performance. The second test presented in figure  8 is the reference tracking from 0 to 0.5. This test can for instance simulate the system performance after a longer period with a rich feed (acceleration), which has completely depleted oxygen from the storage. Again a fast and accurate response is required for a high performance of the system. The reference trajectory is followed quite fast with the system response clearly delayed by presence of the limit on the air-fuel ratio reference value. The model predicted relative oxygen level quite accurately follows the averaged degree of ceria surface coverage predicted by the first principle model used here to simulate the real system. There is a small steady state error in the case presented in figure 8 . This is the result of the largest problem imposed by such a control scheme: the actual controlled variable can slowly drift from the desired value due to the integrating process behavior. The outlet error can only be detected by the difference between the converter outlet lambda value and the model predicted outlet lambda value. The controller should also be able to distinguish between the error imposed through disturbances not taken into account (i.e. difference between the measured and actual lambda signal) and errors that occur due to modeling errors. Accurate modeling has therefore a great impact on the control system performance.
Imposing stepwise changes of the throttle, while the relative oxygen level should be maintained on the desired level (here 0.5), tests disturbance rejection capabilities of the controller ( figure 9 ). The control system behavior is fairly good, however with a clear steady state error. This follows not only from modeling errors that were already discussed before, but also from the distributed parameter nature of the catalytic converter. Together with the averaged ceria coverage, the distribution of oxygen throughout the reactor can assume an important role when controlling the relative oxygen level. The current control-oriented model however, does not account for it.
Some very important aspects, such as sensor errors, which commonly occur in the exhaust emission control, have not been taken into account here and are subject of further studies. The influence of the oxygen distribution on the ceria surface throughout the reactor will also be studied further. Due to the integrating nature of the process, sensor or modeling errors can easily lead to a drift of the relative oxygen level away from the desired value. Because of the explicitly available model together with some imposed constraints, a model predictive controller would be a natural solution, but it has to be quite simplified due to its numerical complexity. Improvement of the model and controller adaptation will also be considered in the future.
CONCLUSION
The feasibility of the model-based oxygen storage controller is investigated in the paper. The rigorous, first principle model based on the elementary step kinetics is used as the basis for the development of a simplified, control-oriented model. The latter can be identified with a simple lambda-step test. Relations, based on the underlying kinetics, have been found that can broaden the operating range of the model with respect to various space velocities and inlet lambda signal amplitudes.
Figure 7
Relative oxygen level reference following during transition from the completely filled to half filled oxygen storage. Above: reference trajectory (dotted), averaged degree of ceria coverage from the first principle model (dashed), and predicted oxygen level by the control-oriented model (solid). Below: lambda reference (dotted) and exhaust lambda (solid).
Figure 9
Response of the control system on the disturbance (throttle position) step changes. Above: throttle position. Middle: degree of ceria coverage in the first principle model (solid), and control-oriented model predicted relative oxygen level (dashed). Below: converter inlet lambda signal.
Figure 8
Reference following of the relative oxygen level during transition from the completely emptied to half filled oxygen storage. Signals are the same as in fig. 7 . A cascade control system, with an engine internal model controller in the inner loop, is used for control of the relative level of oxygen stored on the ceria surface.
Since not measurable, the control variable (relative oxygen level) is estimated by the model. Even a quite simple controller can lead to a reasonably good performance of the system, though some aspects of the system sensitivity to sensor errors and improved model adaptation have to be further investigated. The insights in the converter dynamics obtained via first principle modeling prove to be very important for development of the control-oriented model whose accuracy is crucial for the performance of the control system. 
NOTATION

